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REVIEW OF DIMENSIONAL INSTABILATY IN METALS

R. E. Marinqcr'

S WMARY.

This memorandum dlscusses some of the
problems that arise as & result of dimensionsl in-
stability, and presents data on stability, precision
mechanical properties, end stabilization procedures
for a variety of materlals.

The texm, dimensional instablility, as it
is used in thiv memorondum, refers to chwnges in
dimensions that occur over a period of time in s
specimen withoul sxternal loading. The two primary
mechanisms that cause dimensional instability in
metals are (1) metallurgicsi instability and (2)
relaxation of residusl stressea. There are, in
addition, more subtle metallurgical reactions that
are not well understood. These mey include the
effacts ¢~ ordering of interstitial and gubstitu~
tional atoms, the effects of grain~boundsry migra~
tion, and movements of magnetic domain walls. Some
of the characteristics -f the mechanisms leading to
dimensional changes are discussed in this memorandum.

JNIRODUCTION

Intersst in the dimensional stability and
in the precision mechanical proparties of materials
continues to run high. Therefore, this memorsndum
has been prepared. It is intended to supplement
DMIC Memorandum 189 ("A Review of Dimensional
Instability in Metals", by F. C. Holden, March 19,
1964) . Informstion and idess which have come to
our attention since that time are inciuded here.
Much of the discussion is exactly as it was in the
eariier report; however; none of the data included
in the earlier report is repeated here.

RAKGROUND

The dimensional stability of a materisl
refers to its abllity to maintein its original size
and shape over a period of time under specified
environmentsl conditions. Although the term is self-
explanatory, it becomes necessary riot only to
specify the conditions to which the materizl is ex~
posed, but slso the accurscy to which dimensional
changes are measured. Becsuse true dimensional
stability can be defined as sn absolute concept,
it may be more realistic to consider the degree of
instability that can be measured with suitable
aCCUracy.

Improved techniques of metrology developed
during the past decade or two have increased the
potentlal &.curacy of such measurements by one or
two orders of magnitude. Similarly, the regquirve-
ments of ‘ndustry snd government, as exemplified by
the needs of missile and space systems, have become
incressingly stringent. Manufacturing aethads have
been laproved to the point where tolezrances speci-
fied in microinches (millionths of an inch) are be-
coming commonplace; in many instances, it ls lmpor-
tant not only to manufscture ¢ componont with such
precision, but also to snsure that its dimensions do
not change during service. It msy be expected that
the standards for producing and meintaining very
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high degrees of precision in msnufactured parts will
continuo to incresse during the next decads, and
that thase will be extended into broader segments

of industry not yet fully affected by the incressed
requirements for precision.

In the pest, the distortion o dimensional
instability of metals was studied mainly for the
purpose of eliminating or reducing relatively large
changes in dimensions in such parts as cestings and
die blocks. Most of these applications involved
ferrous alluys, and a considersble volume of research
was conducted to study the mechanisms leading to
disctortion, snd methods for its reduction. A sum~
mary of the information availsble on this subject
was presented in DMIC Report 163, "Control of Di-
mensions in High=Sirength Heat-Trsated Steel Parte”.

Additionsl information of a somewhat dif-
favent character is needed to mest material require-
ments for recent developments in precision devices,
such as bearings, gyros, accelerometers, snd missile~
guidance systems. In these applications, very high
dcgrees of precision and dimensional stability may
be nesded over long periocds of time. The metals
involved range from the more conventional slloy
steels and aluminum allcys to the newer metals ~
titanium, beryilium, and the refractory metals,
Interest also has been shown in composite structures
( sandwich, lsminates, etcd) and in nonmetsllics -
glass, ceramics, and plastics. In general, material
selection is limited by factors other than dimen-
sional stability; examples are strength/density,
resistance to corrosion, elastic modv's, and meg-
netic beshavior. The necessity for achieving speci-
fied physical or mechanical properties in sddition
to stability of dimensicns frequently leads to diffi-
culties, since the processing requirements often
are incompatible.

Another problem ares is involved with the
conditions of service under which dimensional etsbl-
1ity is to be meintained. The influence of teapers-
ture and str¢ss, both steady and cyclic, combined
with the presence of various types of flelds are
the most imp>oriant variables. A pert of the di-
mensional change is (1in most materisls) unavoidable
but predictables thermal expansion and contraction
from temperature changes, and elastic strain from
strevs application, for example. These effects
usutlly can be compensated for by suitable design,
sand can be minimized by careful selection of astarial.
For exsmple, the thermal expsnsion can be reduced to
essentially zero over a restricted temperature range
by selecting s suitable alloy of the Invar type.
Elastic stralns can be minimized by using & materi-~
al with s high c¢lastic modulus, and by designing
for low stress levels. The thermal-expansiocn and
slestic~strain effects are sssentially reversible,
and are not ordinarily considered as & form of di-
mensionsl instabllity.

Many of the availeble dats have been ob-
tained on specimens that are not subjected to ox=
ternal loads other than their own weight. This
nert bl Ls Decause much of the initial ressarch in
this fleid was done to develop improved sethods for
making reference standards, such as gege blocks,
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rather dun componcnts subject to extornal ioads.
On the other hand, mort parts in precision equip~
aont ere subjected to sivess during service, even
though the etruse_levels ususlly are talitively low,
It has been obeexled that deformatic !+ *ime in-
depondent and tine . Ly CBN O0GUL ui w0
sicroinch-~per~inch level ot stresses well below the
conventional yield o$ ss or proportionsl liait,

As an oxample, the tional yleld s

(0.2 percent offset) for wrought 6061 slumimm el-
loy was reported to be 40,000 psi, wherese the
precision elastic limit was sbcut 12,000 pel.

Studies on the mechaniems of microstrain
hove been carried cut rether intensively in recent
years. Although terminologies vary, the terms
*precision elastic limit" and “microcresp limit"
have been used to designate tho stresses st which
time-independent and time—-dependent plastic flow
oceur. The precision elastic limit (PEL) is defined
as the lowest stress at which a specified residusl
strain (ususlly of 1 miczoinch per inch) is detscted.
It is ordinarily determined by loading to succesive-
ly incressing stresses in tension until & residusl
stroin is detected (Pigure 13' g The microcresp
1imit, as defined by Hughel,(3/** is the lowest
stress sufficlent to csuse s progressive increase
in residual strain on three successive loadings.

As 3 result of the foregoing, it appears
that in & stressed part, the importance of micro-
strain, as distinguished from true dissnsional in-
stability, must be recognized. For convenience,
therefore, the total dimensional change is con-
sidered to be compossd of three parts:

{1) Recoverable dimensional changes; time
independent (these gensrslly are under-
i‘ood and predictadle, and include
elastic 2train, thermsl expansion, snd
magnetostrictive strain) and time de-
pendent ( these include stress~induced
and magnetically induced ordering).

(2) Plastic deformation (microstrain); this
term includes the irrecoverable plastic
strains, time dependent and time inde—
pendent, 4 result froa - applied
stress. ’

(3) Dimensional instadbility; this term is
reseoxved here for changes in dimensions
resulting from intesnsl stress systems
or metallurgical instability (such as
precipitation or phase charges); that ls,
changes that occur in the absence of
external forces.

In ths discussions that follow, these
three causes of dimensional change are discusaed;
and available information on how they can be con~
trolied is presanted. Emphasis s placed upon the
causes and effects of dimensional instability.

BECYRRARLE DISENG IONAL CHANGES

Certain generally considered recowrablse
dimensions! changes yesult from extarnsl changes
in stress, tempersturs, and nagnetic fields. Both
1inear end volume changes 8re invoived. The stastic

nodulus (E) relates the magnitude of the applisd
stress to the corresponding slastic stralny the co~

®  Figures begin on page 9.
»  Refurences ere given on pages 4 snd 5.
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afficient of 1ineer expension (@) relates the change
of tamperatuze to the resulting thsrmal atrain, and
the joule megnetostriction coefficiant (A) reletes
the magnitude o' an applied megnetic field to the
corresponding linesr dimensional change.

Within restricted re.jes of tempersture
and tolersnce, these dimensional chenges can be
considered celculsble snd zeversible, for these
parameters (B, a, \) sre usually expressed as con~
stants. It is well known, however, snd must be
remsmbered, that they sze reslly sversge values,
Moreover, there is ususlly a difference in the strain
path, depending upon whether the applied force,
temperature, or field 1is incrwasing or decressing.
This path difference tsecas out a hystereels loop
as, for exsmple, shown in Figure 2,

A second example, for zirconium i3 given
in Figure 3. These dats emphasize the megnitude
sttainsble by the hysteresis loop and the signifi-
cance this behavior mey often have in precision
macharniical-property considerstions, Tise-dependent
after effects axe often sssociated with such
hysteresis behavior, as shown in Figure 4. Dsta
such as these lesd to the generalization that
plastic deformation, in the sbsencu of stress relief,
of ten {perhaps always) adversely affects the di-
mensional stability.

The !mportance of using ~sution when de-
£fining various precision mechanical properties, and
when intarpreting data from other sources cannot be
overemphasized, For example, some authors prefer
to define elastic limit as the lowest stress at
which the hystsresis loop is cbserved on a cyclic
stross-strain curve. But 31l known stress-strsin
curves exhibit hysteresis. This is the basis of
the whole field of internal friction. Therefore,
such data must be considered in relationship to the
sensitivity of the axperimentsl equipment involved.

These so-called reversible effects can be
predicted and, to s degres, minimized individu..ly,
provided that other considerstions de not preclude
s free cholce of asterial and condition. The three
effects describad here fzaquently are, tc & degies,
related. For example, allavs of the iron-nickel
type designed for low coefficlient of expansion de—
pend upons magnetostrictive effects to sccomplish
this, as do similer alloys with a controlled varis-
tion of elastic modulus with tesperature. Inver
and Ni-Span-C are two examplss of such alloys.

For most purposes; the conventionsl hand-
book values for the parsmeters E, o, A, sre suffi-
clontly accurate to provide design information.

Where greater accuracy it needod for a specific
spplication. §t probably wiil be necessary tc con-
duct ox;erimenis on the particular materis! end
condition i be used, since varistions in composition
and structure are likely to be significant.

As 1t is mmployed here, the ters micre-
strain is defined as tie irrscoversble plastic
strain resulting from an appliled stress. It
been pointed out for many yesrs that the velues -*
the elsstic limit snd the proportisnal limit of @
metal, as conventionilly defined, depand upon the
precision of the straln messuresent. Advences in
measurensnt technigies now have progressed to the
point where residusl streine ¢en De stesured to the
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resolution of better than 1 x 10~6 with resistance
strain gages, and to 1 x 10~7 or 1 x 10-8 by
suitable capacitance gages. Etch pit and internal-
friction techniques permit evsr greater solution
{see Figure 3).

The precision elastic limi’ (PEL) is the
stress at which the residual strein is 1 microinch
per inch., This rather arbitary number is a simple
recognition of the fact that, as shown in Figure ),
the ultimats strength, or even the yleld point is
far too cosrse s number for the designer of pre-
cision equipment to use. A compsrison of some of
these numbezs for various msterisis [ see Tebles
i=5* snd Figures 6-15) emphasize this point.

The residual microstrains corresponding
to the precision elastic limit or the snelastic
limit are considered to be essentielly time inde~
pendent. Studies of time-depandent deformstion st
microstrain lsvels also have been conducted. The
term "picrocreep limit" has been defined by
Kughell1l) as the stress just sufficient to ceuse
progressive increase in residual strain on three
successive loadings to the same stress level.

For beryllium, it was found that the microcreep
1imit was significently higher than the precision
slastic limit. In other work, microcreep in Invar
and 356~T6 aluminum at room and slightly elevated
temperatures has been observed at stresses near
{and in some instences below) the elastic limit.
Various exsmples are given in Figures 16-31.

RDNRSTONAL INSTARLLITY

The tera “"dimensional instadility”, as it
is used here, refers to changes in dimensions that
occur over a period of time in s specimen without
external lcading. Data have bsen reported for a
number of metslis and alloys exposed bath st con-
stant tempersture and to temperature cycling.

Mechanisms Leading to Dimensional
Anstability ip Metals

Ths two primary mechanisas that cause
dimensional instability in metals are reasonably
well known. These are (1) metallurgical instabiilty
and {2) relsxation of residuzl stzesset. Thare
are, in sddition, more subtle metaliurgical re-
sctions that are not so well understood. These
mey include the effects of ordering of interstitial
and substitutionzl atoms, the effects of grain-
boundary sigration, and moverents of pagnetic domsin
walls. The effects of rasdistion on dinensionsl
changes and on properties of ssteris.., particularly
fuel element matsriels, have been ¢ died ex~
tarilvely; however, these sre considersc . be be-
yond the scope of this memorsndum. Some of e
characterlstics of the mechanismc leading to . .~
mentional changes are discussed in the following
sestions.

Besalluaical Machiolema

(1} Retals or alloys that do not undergo s
phase changs fore one of the slmplest
clessed of matarials. The only spparent
aicrostructure. changes are in grain
size, shepe, snd crientation. One
setallurgicsl change which can cause

% Tables begin on page 27.

small dimensional changes is orderir ;.
Individual solute stoms often will tend
to occupy specific prsitions in ths
sulvent lattice relative to like or
unlike stome. Becauss these reections
are controlled by the diffusivity of the
solute in question, the reaction rates
are distinguishud by s relatively strong
tamperature dependence. Sasll dimen-
sional changes will follow changes in
stress, magnetization, or possibly
temperature. Such reactions cen be re-
sponsible for ware-up times for oscil~
lsting devices, hystaresis behavior
during the stress cycle, or time depen-
dimce aitpr reoaching some fixed now
temperature. '

(2) An slloy that rejects s second phase
from solid solutien (typlcs. of the age-
hardening slloy systems) wijl usually
undergo a gradual change in volume. The
rate of the reaction is dependent upon
time and temperature, snd upon the degree
of departure from phase squilibrium. The
reaction also may be sensitive to applied
stress, the application of vibrational
snergy, and the level of impurities in the
alloy. Data from such s change are given
for the steels listed in Table 6 and in
Figures 32-39.

{3) A mstal or ailoy that undergoss s trans-
formation from one allotropic form to
another will change in volume, The
change may be positive or negstiwe,
dapending upon the relative specific
volumes of the two phases. In tteel, for
exsmple, the transforsstion from sustenits
to sartensite resuites in s veluoe incresse,
the magnitude of which ls dependont upon
alloy composition.

(4) Coabinstionc of the several mechanisms
described sbove may occur concurrently.
For exmmple, & steel may exhibit simul~
tanacusly & positive volume change from
the transformation of retained sustenite
snd s negative volume change fraa the
teapering of martensite. Thus, the net
volune change may ba positive, negative,
or teros it also may change from ohae to
the other ove: # pericd of time ss one
aechanisa becoses dominant over snother.
An exasple of this is shown in Figure 40,
which {liustrates the disensicrai changes
cccuring in 8 msaraging steel during the
course of its heat treatment.

Additicnal data #nd Tecuamended stabill-
%100 trestmeats sre glven in Tablss 7-13 and in
Figures 41-56 for 2024, &0, &: 1 225-T4 sluminue
alloys, 310, 4§03, 420, 17-7rk and i7-4PH stainless
ateels, cast segnesium ailoys, and other miterials.

Seaidual-Sireas Mechani g

) Shepe distortions introdiced by the re-
l1sxstion of residual stresses aye somewhst pore
Atfficult tc anslyte. Rosidual stresses mce? fre-
Tsentiy are introduced during Yabrication or heat
treatment. Flgures 35-% give examples of dimen-
sional instabiility in rtmel, 2% caused by previous
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piastic defozmstion. Of pasrticuler importsnce in
this respect ars I residusl sunrs resulting
frea machining. Bonfield, et al, show stresses
28 high &s 39,000 psi (Figure 51) to exist near the
surface of turned beryllium. This scquires added
Il fficance when compsred to a PEL for the same

rial of nesy 2,000 psi. That such stresses
m not unique to beryllium is l’u from a compre~
hensive study by Zlatin, et al, whe -investigated
the sffects of machining variables on residusl
tiresses in & 230-grede marsging steel, Ti-8Al-ldo-
"IV, Inconel 718, and Waspsioy. These residusl
stresses (examples are given in Figures 38-61)
concentrated near tha surface, can contribute
significantly to dimensional instedility if they
are sufficiently high to induce sicrocreep. 1t is
often difficult to remove these stresses, oven after
a high-temperature anneal (Figure 62).

Just how much such strasses cen affect the
dimensions of 2 pzrg is {1lustrated by an experi-
ment of Eggert’s, Using comarcially obtained
ga9e blocks of 22100 steel, Eggert slectropolished
off about 0.010 fnch from one side. As shown in
Pigure 63, two blocks tested decreased 177 and 223
microinches per inch, respectively. Thus, under
such conditions of residusl stress, any subsequent
wesr or snnesling or shock must be expected to in-
duce 8 change in dimensicns,

A different fors of residusl stress csn oe set
up 88 8 result of changes in tempersture if the me-
terisl in question is anisotropic in its thermsl
expsasion. In most noncubic meterisls, the thermsl
expansion coefficient differs apprecisbly in differ-
ont lattice directions, Sewral exsmplet are shown
in Figures 64 and 65, Therefore, when the tempers-
ture of » polycrystalline sggregate changes, an sp-
precisble smount of stress can be butl} up between
adjacent grsins, Dsvidenkov, et al,!%) hsve calcu-
letad how these stresses depend upon the tempera-
turs change for 8 variety of msterisls. Their dats
asre shown in Tadble 14, Figure 66 shows the extent
to which such stresses csn produce metsllogrsphicsi-
ly observable damege, even in mildly snisotropic
material such as :irconium, Flgures 67-70
show the extent to which dimensions and density
con be affectsd by thermel cycling in such msterisls.
Curing such & situstion cen becoms complex, for the
thermal expansion coafficient itself is appsrentiy
influenced by both hest trestment (see Fi - n
and 72) and by the method of fabrication
Figure 73},

Data which sppear to be relstec to both
residusl-stress patterns and incomplete trsnsforms-
tion in 32100 stesl are shown in Figure 74 and in
Tablas 15-19. The dats show not only 8 remarkable
effect of nautron {rrsdiation on the dimsnsional
stabi) ity ¢! 52100 steel, Put en sven more remark-
able Influnce of the atabilization treatment cn
the effect of the neutron irrsdistion.
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FIG/RE 51, DIMENSIONAL STABILITY OF CASE-HARDENED
STEELS WITH MEDIUM-HARD CORES(2)

N represents Kitralloy i35 modifledy P, Type 17-4PH
stainles- steel. The numbers preceded by + or ~
lndic;te average stebility in(microin./in.)/yr. (See
note.

NOTE 70 FIGURES 49, 50, and 51

The 1010 steel was carburized by packing in 3
proprietary carberizing compound and heating to
1790 F for 10 hours. The case was hardened by .e-
heating the specimens to 1625 F for 15 minutes in
2 neutrsl salt bath and quenching in brine. Thc
specimens were stabilized by immediately refrigera-
ting at -14C F for i8 to 24 hours, tempering at
2% F for 1 hour, re-refrigerating at =140 F for 24
hours, and ag3in tempering at 250 F for ¢ hours.

Al]l surfaces were ground to remove only &
portion of the case, After grinding, the specimens
were stress relieved at 250 F for 1-1/2 hr and any
residual magnetism remaining from contact with the
grinding chuck removed with a demagnetizing coil.

This steel, heat treated, scabilized, and fab-
ricated as described, possesses qualities of untra-
stability which to date have been unsurpassed. Over
2 four-year oeriod the measured changes in length
for two specimens have been +0.0l and =0.01 x 1076
Wne/in.)/yr. Curves iliustrating this performance
are shown in Figure 49 (specimens L 377 and L 279).

Almost as good a degree of stabllity was
gbtained by hardening the surfeces of 1010 steel
specimens after carboniiriding. The specimens were
cerbonitrided in an approprlate atmosphere at 1600 T
for 4-1/2 novrs te give a case depth of about 0,022
in. The surfaces were hardened by heating the
specimens to 1650 F in neutral salt and quenchlng
in brine, followed by stabilization and temperinc
treatrorts tdentical to those alven the carburized
tlocks. The hardened faces were ground to leave
about 0,0:8 in. of case on tha gaging surfaces, but
ail of the c2se on the non-gaging surfaces was com-
pletely removed. Specimens were subsaquently stie::
relieved at 27% F for 2 hours, demagnetized, and
lappeia Qvar a four-year period the change in
tengih was ~Dlll and #0111 x 1076 {ia./in.)/yr for
specimens L 383 and L 387, respectively, (soe Figure
43},

R T S 2

Annealed 410 stainless steal was case harden-
ed by nitriding. Nitriding was performed in an
anmmcnia otmosphexw at 1020 F for 40 to 44 hours.
The cass produced was 0,009 in. *hick and had a
hardness in excese of Re 5, All faces were ground
to remove the white layer and prepare the gaging
surfoeces for lapping. The specimens were than
demagnetized, stress relieved at 973 F for 3 hours
end lappsd to size.

Tne nitrided 4i0 stainless steel specimens
have besn observed for about 3 years and have .roven
%0 be eriromely stable. As shown in Figure 49, the
finstability “s less than C.l x 1076 (4n./in.)/yr,
being +C.06 and 0.0l x 10~0 for specimens F 330
and F 333, respactlively.

The principle uf applying nitrided cases to
annealed materials was extended to types 304 and 405
stainless steel. The dagree of stobility exhibited
by all specimens observed for periods varying from
fourteen months itz aimest three years was an ex-
cellent 0420 x 1076 (in./in.}/yr or better
{Figure 50).

Nitralloy 145 modified was treated in .everal
ways. The best treatment consisted of hardening
from 1725 F and tempering at 1200 F for 2 hours to
produce 3 hardness of Rg 34. Specimens were nitrided
at 10% F for about 48 liourss The white laycr was
ground off of the ncngaging surfaces an. the gaging
surfaces were gisund in preparstion for lapping.
After a stress relief of 975 F for 3 hours, the
specimens were rough lzpped and then stres: relievad
a second time at 1000 F for 2 hours prior te¢ finish
lapping. The gage blocks thus produced had a high
degree of stabllity. The two specimens observsd
(N 326 and N 328) shoggd a very slight growth rate
of 0.10 and 0.17 x 1070 (i~./in.)/yr, respectiively
(Fiqure 51).
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FIGURE 58, EFFECT OF WHEEL SPEED ON RESIDUAL STRESS
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argon} sad in accordance with appropriats safety pre.eutions.
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FIGIRE 65. BFFECT OF TEMPERATURE ON THE LINGAR
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FIGURE 66. MICROSTRUCTURE OF ZIRCONIUM AFTER %
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AT A GRAIN-BOUNDARY TRIPLE POINT{(29
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FIQURE 71. VARIATION OF COEFFICIENT OF THERMAL EXPAN- FIGAE 72, VARIATION OF CORFFICIENT OF THERMAL EXPAN-
SION AND TEMPERATURE OF My POINT OF u&%’ SION AND RESIDUAL STRESSES (AT AC’ OF
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2 - Tempereture of phase trsnsformstion. Quanched from 870 C {n weter, alloy is Invar.
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TABLE 1. PEL COMPARATIVE CHART(18) TABLE 3. MICROMBCHANICAL PROPERTIES oF *A* wy(s)(10)
13
Precision Ultimets Grein
Elastic Strength, Auneal iag c°, $ize, o 9
Meterial Limit, pst  pei Seaple Tespersture, F®) pei wm  pet  pet
High-purity slumine 23,000 23,000
Wt} beryllis 1 1200 380 0.018 3300 ~30,000
20,000 20,000 2 1500 <200 0029 1900 13,000
Glass~bonded wics 4,000 9,000 3 1800 <200 0.081 1800 7,500
Hot-pressed beryllium 2,000 49,000 4 2300 200 0.280 2000 8,000
AZ-31B megnesium rod . 6,000 34,000 S 1800 (eged 200 0.088 - - |
A396-T6 alusimua casting 12,000 40,000 100 hy ;
2024-T5 sluminum extrusions 25,000 98,000 1200 F) :
6AL-4V titanivm rod, an. 70,000 150,000 ) 2300 {aged 2200 0.28 1
310 :res stawl rod, CR 106 hr
. and SR 11,000 120,000 1200 F)
', Tool steel, high spsed 50,000 180,000 7 2300 {aged 028 - - ;
¢ Inconel X 65,000 150,000 114 hr
: 1000 F)
8 1200 ~3%0 0.048 ~10,000
9 1500 210 0.058 3900 7,500
TASLE 2. ELASTIC LIMITS AND ELASTIC MODULI ?! 10 1600 200 0.97 2000 7,000 ]
THHEE ALLOYS AT 73, 150, AND 200 F(13) 1n 200 0.4 1500 6,000 ,
S A S AN N D M ST SRS 12 2300 (aged 200 O 44 1%00 ~ 5,000 i
Test i&h;)
Tewperes~ Elastic Elastic 13(c 2300 (2 hr) 200 0.44 - -
» Material ture, P Lisit, psl Nodulus, pel m C.% prestrain 300 O.44 1800 6,000
[ 1 ~0.4% prestrsin %00 O.44 2300 8,000 :
Invar ™ 26,400 23 x 108 16 1.9% prostrein ~300 O.44 3000 7,200 _
1% 25,000 2 x 106 17 4.9% prestrain ~500 O.44 3200 8,000 ,
200 24,700  21.3 x 106 18 OX prestrain <200 0.44 1400 5,50
356-16 ™ 8,100 12.3 (u; See Figure 11 for definition of 0y, o), and o,
alusimus 1% 743%0 10.8 All samples annealed for 1 hr in vacuum unless
200 7,190 10.3 otherwise indicated. Semples 1-7 rod stock
8-18 sheet stock.
310 stainless ™ 22,700 29.4 (cg Seaple 13 tested in tension. {
steel 15¢ 20,400 28.% (d}) Samples 14-18 were annesled 1 hr st 2300 F in

200 20,000 28,1 vacuum, prestrain, then annealed 1 hr at 1%00 ¥
in vecuum prior to testing.

6061 alumimm ™ 12,400 i0.8
i%0 11,700 10.3
300 10,430 10.0
W SRR SRR Al ]

TABLE 4. CDMPARISON OF MAIN CONSTRUCTIONAL MATERIALS FOR GYROSCOPES( 29)

Stee} Alumiros Cermsic
Density, a/cad 7.8% 2.7 1.68% 3.98 4.5
Youg's Modulus, psai X 10.4 A4 5% 1%
: Coefficient of 10-42 21 -24 11.3 10 8.3
i Thermal xpansion,
1076 ¢
Polsscon's Ratio 0.28 0.34 .01 0.20% .33
Theremsl C.10-0,12 2,30-0.57 0,40 0.08 0.04
Condurtivity,
cal cw-dsmic?
Ultiaate Tensile 60,000-300,00¢ 30, 000-9%,000 95,000 38,000 8),000-16C,00C J
Strength, psi |
Precision Elastic 16,000-100,00¢ 12,000-40,000 },000-12,000 38,000 -
Limit, p<!
Stiifnese/Meight 1 1.01 6.2% 3. .87
Ratic {stewl = 1} {
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TABLE S, STERL PEL TEST SmeaARv(is)

Alley Coupon Series Highlights of Processing History Aversge PR, pei
30 Cans
1l Anreslaed at 20%0 F, air blast quench below ~900 F, sir 5,200
cool (AC) to soom tespersture (RT)
0 Stress reliewe (SR) at 800 F for 24 hra, furaace cool 10,300
; 833 Stress relieve ot 800 F for 2 hrs, furnscs cool 10,700
: s Retarded (Q) to RT, SR st 300 P, slternste 3 deep 73,700
g;cu DF) ot =100 F and tempers. PFinsl tempor at
B F.
sa2 Seme 8t S$43 except for DF treatments at -320 F 92,200
$43 Same 25 S4] except DF st -100 F prior to 300 F &R 86,300
N100 sir meit
S5 lnmncl:. DF at -100 F, alternste 3 tempers at 300 F 54,600
and OF's
-] Same as S50 except far DF tredtmsnts at -320 F 61,200
53 Kational Bureau of Standards recommended trestment for 40,000
9%0e blocks.
Grsph Mo
S61 Marquench, DF at -100 F, alternate 3 tempers at 300 F 4,100
end DF's
| 862 Same &8s S61 except for UF trestments at -320 F 32,800
: $63 Same as S61 except final 2 tesperv at 650 F and 670 F 60,000
b

TABLE 6. OHEMICAL COMPOSITION AND MICROSTHUCTURE (X) OF THE INVESTIGATED STEELs(16)

! Compesition of
; e sl Ricrostru ture
ke, C s = d s N Al 0 Cu  Ferri 1t
1 0.020 0,12 0.02 0.022 0,027 0.0C% 0.03 0.012 G.06 100 -
; 2 Cai2 0.3 002 C.19  0.007 D% 087 0.010  C.0S 1 s
3 0.20 0.l8 0.2 0.018 ©.008 0.006 C.02 0.01%  0.0% 3% 14
; It 0.38 020 ©0.02 0.00% 0.0i4 0.006 0.06 0011 0.0% 67 1
: s 0.9% 0.8 0.02 0.006 0.013 (008 0.02 90.011 0.0 a9 LY}
; 6 0.8%5  0.17 0.3¢ 0.612 0.0iC ".011 0.02 0.006 0.34 - 100
| 1 0.613  $.13  0.24  0.00% 0,008 C.00% 0.0 0.9 C.05 100 -
H 8 0.013 C.il  C.40  0.00%5 0.008 0.00% 0.02 0.8 0.0% 100 -
: 3 .012 C.08 C.6 0,003 0.009 0.00% Q0.2 0.R3 0.0 100 -
10

0011 Qa0 0.8 0,008 5007 QW00 0.2 C.018 D.03 i0C -
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TABLE 7. DIMENSIONAL AND HARDNESS CHANGES RESULTING SUBZERO
EXPOSURE OF ANNEALED 17-7PH STAINLESS STEEL\30

Changes After Indicated

After -T° F F_BMMW—
Specimen Exposure irst Second ourth
Change in Length, wils per inch
1 +1.06 +0,08 0 0 [+
2 +1.02 0,01 =0.03 -0.03 0,01
3 +1.23 +0.01 +0.01 ] +0.26
Chang; in Disseter, wils per inch
1 +1 .80 0 0 0 0
2 +1.60 +0.16 0 +0.16 0
3 +1.80 0 0 +0.16 +1 .60
n Ha 3
1 9% Ry Ry 95y 4Ry 94 Ry
2 94 Rg 927 95Rg 94Rg 98 R
3 9 Ry 97 Ry 9 Rp 20Rc 26 A¢ {
Note: (s) Precipitation heat treatment for Specimen i

1
(b) Preclpitaticn hest treatment for Specimen 2 -900 F.
(¢) Precipitation hest treatment for Specimen 3 -1100 F.
{d) Hardness of all specimens after 19%0 F anneal -76 Rg.

TABLE 8. DIMENSIONAL CHANGES IN SAND-CAST Mg-Al-Zn
MAGNESTUM ALLOYS OF NOMINAL COMPOSITION20)
TABLE 9, DIMENSIONAL CHANGES IN SAMD-CAST AZ9iC
ESIUM ALLOY OF HIGH AND LOW COMFOSI-
ngt 2‘5‘
Linear Growth, percent
Alloy Tc-mer Time, hr 2I2 F 275 F 35 F
AZE3A " 24 0.001  ©.003 Linear Growth, sercent
- - . elih - . 3 o l
% o 0.0l4  0.02% Temper Time, hr NF 2»5 20 F JX0 F
168 -~ 0,012 o.@s High Compesition
20 -- 0823 0.02 -4 10 0.0 <0.001 -  -0.001
100 ~0.0M 0,000 0.017 0.0
T4 o g'g g'g g:ggg 1,000 -0.008 -0.008 0.064  0.077
* . S 5,000 0004 0.0% 0.0 .08
1,000 0.090  0.0% 0.0% 10,000 0004  0.060 Q.02  0.08
10,000 0080 o €.0%8 Tor - * . *
’ 19,000 -0.008 - - 0.082
-T4 10 0 5 0.002 20,000 ~6.0003 - - 0,083
100 0.00% 0.0 C.01% = . ,,_ N »
1,000 €.007  C.019  0.020 e s o 5 PRI oot
16,000 c.021 Q420 0.021 RO . X .
' 1,00C o} 0.0 0.008 0.039
L0060 0 ©.018 0.084  0.0&k
94 -F 24 - 0.008  0.022 oo
oy - 0.0ia  ©.029 10,000 0 0.025 0.044 0,046
1 - 014 Q.03 Composition ‘
T IR -Ta 10 -0.002 -0.0R  0.000  -C.01) !
. - ‘ . 100 -G.,003 -0.00% 0.002 0.0i2 '
-T4 1&2‘ S oo ?“‘; 0.0e7 1,000 C.004 0,007 0.02% .40
oy - v bl 3,000 0.0 D616 G071 ¢.0™2

1,000 0.0%8 C.0T6 2.078

H3 ; Fa 3 s T4
10,000 008  0.078  C.07TR ¢,00¢ G004 G036 C.OT2 0.7

- 1 6 B 0001 0,003
-76 ic ¢ 0,001 L.0CH 1 ¢ 2,47 0,004 0.02C
100 £.01 C.OCL 0.0 Lo ¢ 2,007 0025 0.0%7

1,000 0.004 002 6027 3,06 C C.021  0.0%8  0.069

10,000 0.0 G027 0877 10,000 0.001 C.029 0.088 .M

o e eme s [ SR S




w
TAMLS 10. mm CHAES )a m TANE 12. HEAT TREATMENT AND FABRICATION OF 17-4PH
TS ALLOYS aTmmn RARP-BART A mns sTADLESS stem(21)
oR THORTLY 2
S Th. v cappc.:.u on uonaqim
r Mley pr bW &o? AR Austenitized 1925 ¥ ?eg x x x
Quenched in o) c X X X
100 0.007 0003 o o 18 F
1,000 0.007 0.003 0 0 Reirigerated b hr st €0 F - - X X
-T6 10 0,006 0,003 O 0 Aged 4 bx wt 1025 F xfe) - x5 x
100 0.007 0,003 o0 0 Aged =L 4 NT at 9%C 5 -  { - -
1,000 0007 0003 0 0 Relrigeiatad cvernight at - b ¢ - -
C A -1 10 0,007 0.009 O0.00% ©.00% t.:&‘x‘!'m ot 950 F - - .
100 0.011 0.010 0.010 0,006 .
‘ Qround to size for X X X Ends
1,000 0013 0.011 0,010 04006 m ziding only
5000 0.014 04612 0.0  0.06 Aitrided at 1020 F, 20K X X x X
(] 10 0.012 0.007 0.007 Q.02 dissociation, spprox
160 0.014 0.008 0.008 0,003 & nr
1,000 0,013 0,008 0,008 0,004 Sopper chemically re- - - - X
5,000 0015 0.008 0.008 0.00%
233 -F 10 0.011 0.012 0.015 0.010 ""3‘31‘“ faces giond, X r X -
: 100 0,913 0.01% 04017 6012 s ;"" etaly remove X X X "
: 1,000 3,014 C.718 0,017 0.012 gg“: Taces 9““"‘:' o X *x ¥ I
; 8,900 0.014 0.019 0.018 0.013 0 b u"‘"‘m red
! -9 10 0.011 0.013 0.012 0.010 ammonia
; i 0.013 0.016 0.01% 0,012 Depagnetized X X X X
{ 1,060 0.013 0,018 0.017 04013 Lapped
i 5,000 0.013 0.019 0.018 0.014 — -
§ HK3LA -T4 10 0,011 040  0.010 0.017 \2) Block received only those troatments indicated
i i ¢.011 0.011 0,013 0,018 by X. Order of procedure {s chronological
1,000 0.011 0,014 - - fram top to bottom.
3,000 0.011 0.C14 - - (b) To inh'Sit nitriding and eliminate neei for
. grinding of nongaging surfaces after nitriding.
-16 1;3 g:ggg g:gg gﬁ o'glk;’ {c) Manufacturer's recommended heat treatmsnt for

1,000 ©.003 0.007 0,013 0.1l condition B i025.

5,000 0.003 0.207 0C.013 0.011

W23M -F 10 0.011 0.006 04006 0.006  TABLE 13. MIT HEAT T A"MENT FoR BeRvLorwe31)
100 0.013 0.007 €.006 0.007
1,000 0.014 0,008 0.007 0.008
3,000 0.014 0,002 0.008 0.008

—

f,l

G- _ -
18 10 0.011 ©0.008 0.008 0.006 §ommal- s Derlllum
100 0.013 ©.01C 0.010 0,008 Rough machine all over
1,006 0,014 0,011 0.0l  0.009 Age at 143C F £23 in & hydrogen or protective
3,000 0.014 0.012 0,012 0.010 atacsphere for one hour
T Furnace ccol

Finish machine
Cycle 3 times - from +2.2 F to ~110 F. Alr wvara
and alr cocl bebesen tycling pericds

. lnascumant-Grade Baxvliius
: TABLE i1, DIMENSIONAL CHAMGES IN SAMD-CAST ZEIA
: MACMESTUM ALLOY { XC) Farts ¢o be rough machined aliowing G.00%in. per

side to finlsh size
Rest to 1400 F £2% feor | Y our in vacuum or pro-
ctad (tacsphere

Time, hinear Qggggg]};gg. gim;! Cool a8t a rete ¢f 1002 per » i maximum %o &0 F
Nr 712 F ¢ F a0 F W0 ¥ {vacam oF proteciad atn. - exe Nel needed below
TOO F! then still air v’ W room itesmperature

1 0.002% 0.0 ¢ C.004%  0.006% N

2 0001 C.00% 0002 0,008 ©.006 KAblilas

4 €.0C2 0,002 0.001  C.00% c.oce Machine parts tc flnish eize

& [ s o3 jol s 1 *C. 062 C.00% ©.C08 Heat te +2i0 F 20 in deionlzed dofling watler for
24 C.0CL 0,004 W7 GL04 -- 0 al utes

48 n C 004 «. 001 C.00n Q.01 Rsecwe to roos temperasture for 10 mirates

9% +C 002 .00 + 004 -- -— Cocl tc ~i0C F 210 in scetone and dry {ce (for 6
1R C.0CE 0063 G - - sinutes,

Repest procedure % cycies.




e e o g s T AT e e R . IR S

g,

31

-

TABLE 14. FFFECT OF TEMPERA CHANGES ON THE STRESS BUILD-UP IN POLYCRYSTALLINE,
NOMCUBIC MATERIALS!S

o, —ck8 dopor KL 2
Material Lattice Type M deqree® o1, C n? c
Uranium Monocclinic {urthorhambic) 0.2%4 %0 135.0 360
Selenium Hexagonal : Cd% 20 3.8 219
2inc Hexagonal 0.12% 400 %0 .0 178
Cadmium Hexagonal 0645 300 19.3 9
Tin Tetrsgonal 0.0%6 200 10.i T2
Tellurium Hexagona! 0,032 k' s) 11.3 &4
2irconium Hexagonal 00272 aso 240 39
Antimony Rhoabohedrsl (trigonal) 0.01% 600 9.0 21
Bismuth Rhombohedrs! (trigonal) 0.0066 2% 1.63 9.4
Kagresium Hexsgonal 0.00193 5% 1086 2.7

D e e Lt e et et e S el
* @ is the meximus stress vhich mey arise close to the grain toundaries in 8 poiycrystsl-
line sggregate with variation of tempersture by 19; & the possible ranges ¢f tempers-

tures Op atthe stressas correspoiding to this renge of temperaturvs.

TABLE 15. FFFECT OF CRYOGENIC AGING AND REACTOR
IRRADIATION ON THE LENGTH OF GAGE B
AS MEASURED BY OPTICAL INTERFEROMETRY!4

Change in 0.770 Inch

Specimen Lerqth, +2.0
Designation  Treatment alcroinches/ir.
) . TABLE 16, CFTYCT OF CRYOGENIC AGTIG 4D REACTOR INRADUAYION OX
%o, Refrigeration Cycled T AT OF PETAIMED RJSTENITE IN GAGE BLOCKS{4)
Control Rocartemperature +1.0 .
stes L ae Amoun® ot Retained
Lot 100 c +32.0 Spacimen SAugenite, i i M, -
-~ 00 Cryogenically 2.0 Ousigostica  Treatmen: Before, &;  Champe, @4 A; T
Lot 101 Irradiated +2.,00 a i
3xiCi® nvt Comtrad Aoum- teuper 3 ture o9 <2 2.2
Lat 102 Irradiated +3.0% sterepe
ax10l7 avt Lot 120 Tryogesically Kb .9 -
. - N yud
wt 103 Trradiated +207 050 Lot 108 Irradlased 133 .2 -1
<xiold -t 06 pvt
Let 1002 lrredlgisd 5.9 <3 -nd
Refriceratinn Cwclad Sxif’ " et
Lot (03 Irrediated ‘8.3 -l.s iR
Control Room—temperature *2.0 31i8 e
storage Mizimoaiien Sysied
Lot 120 Cryogenically -3.0 Leet rul Loow- raperenTe 3¢ <. -Te%
*red s1erege
i ot 11 - ~
ot 1ul  lrrsdtated -15.00 PTIR Grmeetesiir < -
10eE nvt lot i7l Lrred, sues 2 . a2
Lot 122 Irradiated ~53.0¢ , . SeiGlt vt
e iet 143 resdieotss i < et SLAL
. . SxiC '\V! - 21T met
Lot 133 irradiates 581 O a1 123 lreesiates . -8 N}
nx10iE aye MO v

* Nedzurement toven T days after end ¢f
{rrediation,
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TARLE 17, EFRECY OF CRYOUBHIC MIING aMD WEACIOR IRRADIATION
06 TRE SISEARITEALRESIOUAL, MACRISIRESS IN GAGL :
sLoceH(d TROLE 1B, PFFECT OF mmmn{m FSING O THE LENAN OF
; IRREDIATED-GAE LA &

o ggfmm; !gg%flnu&
v Spacizman {ore Wy Unvistien fros Sealnsl 9.7 Ire
\ Deslgnation  Surface Try st 24000 pel  AA000 pst spectmn 1;;:@;::»« Wﬁﬁm"}“{
- 14 R -4 T 33
: ! HAeve L

st Ralrigsration Decied  Designatise &n <0 Tadistion 3 Tays T duys
Cantzcl §ido 1 Roos-temperatups ~48,700 3,700 s Befiiseration Qrisd .
; fide 2 LOTAGY =5 300 ~2,%00 Contenl mm ey g o 2.0
£ R Side 1 Crvogenicail 68,400 400 Lot 101 3eloM av R @a £749 9,9
! bor 159 side 2 eoed 0 Onaee 6% Lot 102 5@ vt 2 e &a 4l
i : Side 1 Irradiated 2 230 Lot 102 5xiGl¥ vt 1.0 RT0 4290 4580
Lot 101 i rradia =33y =4 ¢¥ ,
{ Side 2 31016 pvt “38,600 3,700 2afpiqeention Qycled
i Contrsl Nons Qo +1,6 +1.0 +1.0
: Lot 102 Side 1 Ixradisted e T Lot 121 5a0i6 nn 80 -G -2e -0
! Side 2 511017 avt r? ~1, %60 Lot 122 maciT nwt -1 B30 450 -49.0
i Lot 103 Stde 1 Irvadigied 40,000 2,360 Lst 123 Sae8 ot 0.6 DL 85 -879,0
i Side 2 5108 revt -38,730 ~2,;600 =, =
: Eafzigeration Cyclss
; Cordrok Side ] Room-teaparsture ~114,.700 2,100
i Side 2 storage 105,700 ~35,600
| Lot 120 Side .  Cryogenlcelly  «433,800  -2¢,7%
! 55ds 2 3 -140,200 4,430
i Lot 128 Side ) Irradisted ~163,400 8,800
; 31de 2 3x1016 nvt S1%6,300  ~10,200
; TARLE 19, SNGURY OF CHANGES OF IENGTH, SUSERFICIAL RESIDUAL
! Lot 122 Side 3 Irradisted ~144,300  ~31,500 " | ? ( :
i Side 2 5007 vt -132,260  -17,300 T u1 [ MICIET OF RATATI AJSTENITE IN
( 125,600 -33,250 )
: ot 123 Sida 1 Irradl =123,6 -33,
Side 2 5xw!§.:\a't -133,200  ~20,400

Averaged Chenge in

Change in  Amount of

Chacge in Residus! Retained

Spaciman Langth, Stress, hustenite,
Designation Trostment 2.0uina/ine 8000 psi  #0.3 voi¥%

* Minus sign (-) indicates compressivae strass as m- ared on
martersite (112)-{211) unresclved doublste

Not Refxioersiinn Cycled

Control Roci-tesperature +140 =3,100 0.2
storsge

Lot 100 frvegenicelly +32,0 ~8 4500 09
tged

Lot 201 Irradisted | +2,0 -3,300 a2
5x1088 nvt

Lot 102 Irradiated +3.0 ~2,200 ~0.%
3mod? mvt

Lot 103 Irzediated +207 .0 2,400 =16
5x1048 nvt

Refriceration Cycled

Gontrol Room~temperature +2.0 -2,8% 043
storage

Lot .20 Crycrenically =20 ~-14,5% 0.6
RGa

Lat 121 Irradisied =1%40 - 9,500 M,
51016 nvt

Lot 122 Irradiaes =53.0 ~19,4%0 ~0sb
%x1017 nvt

Lot 123 Irradiated =39, .0 -31,000 ~18
5x1018 nvs
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; Dimensional instability
Plastic deformation
Raesidual stress
Mochanical prepsrties
Me tzllurgical mechanisms
- Physical properties
Stress strain :
Precision elastic limit
Microyield siress
Stress-microstrain-
Creep

Microcreep

Temperature

Coefficient of expansion
Zirconium

Nickel

Iron-base alloys
Copper

Aluminum alloys
Beryllium

Stainless Steel
High-strength steel
Superalloys

Magnesium alloys
Titanlum
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